letters to nature

tubules, which is essential for establishing cell polarity. The role of
Apc is unclear; it could directly affect microtubule dynamics**,
or—perhaps through EB1—interact with the dynactin-dynein com-
plex, which is required for centrosome reorientation®”*. These
observations link together two important signalling pathways that
have been independently implicated in controlling cell polarity
during the development of multicellular organisms: Cdc42—Par
proteins on one hand?, and GSK-3—-3-catenin—Apc on the other.
The essential role described here for Apc in regulating the polarity of
migrating cells may be an important aspect of its functional
contribution to human cancer. O

Methods

Materials

We used the following reagents: anti-a-tubulin (Sigma), anti-GSK-38, anti-8-catenin,
anti-EB1 (all Transduction Labs), anti-PKCg, anti-Cdc42 (both Santa Cruz
Biotechnology), anti-pericentrin (BabCO), anti-phospho-GSK-38 (Ser 9) (Biosource),
anti-Apc (I. Nithke) and anti-Par6C (amino acids 2-16; P. Aspenstrom), GF109203X,
RO 31-8220 and SB216763 (all Calbiochem), PKC{ pseudo-substrate (Biosource), toxins
B10463 and B1470 (C. von Eichel-Streiber), GSK-3 constructs (V. M. Lee and R. Kypta)
and Apc constructs (B. M. Gumbiner). GTPases, Par6 and PKC{ constructs have been
described previously®.

Cell culture and scratch-induced migration

Primary astrocyte monolayers and scratch assays have been described previously®.
Individual wounds around 300 pm wide were made with a microinjection needle, and
wound closure occurred 16-24 h later. For biochemical analysis, multiple wounds were
made with an eight-channel pipette (with 2-ul tips) scratched several times across a
90-mm dish. Centrosomes were localized using anti-pericentrin antibody’, and those
within the quadrant facing the wound were scored as positive. We examined 300 cells for
each condition. To assess polarized morphology, astrocytes were microinjected with
pEGEFP as a control or with the indicated DNA constructs and biotin-dextran, and were
fixed 8 h later. Cells expressing these constructs were scored as protruding when their
length was at least four times their width.

Immunoprecipitation

Cells were washed with ice-cold PBS containing 1 mM orthovanadate and lysed at 4 °C in
buffer (10 mM Tris-HCI, pH 7.5, 140 mM NaCl, 1 mM orthovanadate, 1% Nonidet-P40,
2mM phenylmethylsulphonyl fluoride, 5mM EDTA, 20 ng ml~" aprotinin, 20 pg ml~*
leupeptin). Nuclei were discarded after centrifugation at 10,000g for 10 min. Lysates were
incubated for 2 h at 4 °C with specific antibodies and protein G Sepharose, and
immunoprecipitates were collected by centrifugation and were analysed on 8%
SDS—polyacrylamide gel electrophoresis gels.
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HER?2 (also known as Neu, ErbB2) is a member of the epidermal
growth factor receptor (EGFR; also known as ErbB) family of
receptor tyrosine kinases, which in humans includes HER1
(EGFR, ERBB1), HER2, HER3 (ERBB3) and HER4 (ERBB4)'.
ErbB receptors are essential mediators of cell proliferation and
differentiation in the developing embryo and in adult tissues’,
and their inappropriate activation is associated with the devel-
opment and severity of many cancers’. Overexpression of HER2
is found in 20-30% of human breast cancers, and correlates with
more aggressive tumours and a poorer prognosis®. Anticancer
therapies targeting ErbB receptors have shown promise, and a
monoclonal antibody against HER2, Herceptin (also known as
trastuzumab), is currently in use as a treatment for breast
cancer’. Here we report crystal structures of the entire extra-
cellular regions of rat HER2 at 2.4 A and human HER2 complexed
with the Herceptin antigen-binding fragment (Fab) at 2.5 A.
These structures reveal a fixed conformation for HER2 that
resembles a ligand-activated state, and show HER2 poised to
interact with other ErbB receptors in the absence of direct ligand
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binding. Herceptin binds to the juxtamembrane region of HER2,
identifying this site as a target for anticancer therapies.

ErbB receptors comprise an extracellular region of about 630
amino acids that contains four domains (I/L1, II/CR1, III/L2 and
IV/CR2) arranged as a tandem repeat of a two-domain unit, a single
membrane-spanning region and a cytoplasmic tyrosine kinase®.
Binding of ligand to the extracellular region induces receptor
dimerization and activation of the cytoplasmic kinase, which in
turn leads to autophosphorylation and initiation of downstream
signalling events"”. Over 11 different EGF-like ErbB ligands have
been identified®. Many of these ligands activate homodimeric
receptor complexes, but most, if not all, also signal through
heteromeric receptor complexes that include HER2. Despite func-
tioning as a universal ErbB co-receptor, HER2 is the only ErbB
receptor for which a high-affinity ligand has not been found. HER2
is also unusual among ErbB receptors in its ability to transform cells
in a ligand-independent manner when overexpressed™’.

Recent crystal structures of extracellular regions of HERI1
(sHER1) complexed with either EGF' or transforming growth
factor-o (TGF-a)'' reveal ligand bound to domains I and III, and
a long, finger-like projection from domain II mediating an inter-
receptor dimer. By contrast, crystal structures of non-activated
forms of sHERI (ref. 12) and sHER3 (ref. 13) reveal this finger-
like projection from domain II making an intramolecular contact
with a pocket on domain IV. Together these observations suggest a
model for receptor activation in which unliganded receptors exist in
an autoinhibited or ‘closed’ form that undergoes substantial
domain rearrangement to an ‘open’ form on ligand binding. This
rearrangement brings domains I and III close together, breaking the
domain II-1V interaction and freeing the domain II projection to
participate in receptor dimerization and initiation of signal
transduction.

To provide a molecular basis for understanding the role of HER2
in signalling and cancer, we have determined the crystal structure of
rat sSHER2 at 2.4 A resolution and human sHER2 complexed with
the Fab fragment of the anticancer monoclonal antibody Herceptin
at 2.5 A resolution. Both rat and human sHER2 were expressed in
mammalian cells and enzymatically deglycosylated before crystal-
lization. The crystal structures were solved by molecular replace-
ment using the A5B7 Fab structure'* and the individual domains of
SHER3 (ref. 13) as search models. The R ;ys/R e values for rat
sHER?2 and the human sHER2-Herceptin complex are 0.226/0.282
and 0.223/0.286, respectively. Complete data collection and refine-
ment statistics are available as Supplementary Information.

The structures of rat and human sHER2 (Fig. 1) superimpose

Figure 1 The structure of rat and human sHER2. a, Ribbon diagram of rat SHER2.
Domains | (blue), Il (green), Il (yellow) and IV (red), and the amino and carboxy termini, are
indicated. Disulphide bonds are shown in purple and gold. b, Ribbon diagram of the
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well. A total of 448 residues between amino acids 1 and 542
superimpose with a root mean square deviation (r.m.s.d.) of Co
positions of 0.99 A, with the principal variation being an approxi-
mately 7° change in the angle between domains III and IV. The
appearance of such similar structures in different crystal environ-
ments indicates that the interdomain relationships in sHER2 are
relatively fixed.

Comparison of the sHER2 structures with the sHER3 (ref. 13)
and sHERI (ref. 12) structures indicates that domains I and IT adopt
arelatively fixed interdomain relationship, as do domains IIT and IV,
but that the relative orientation of these domain pairs varies widely
(Fig. 2). Some spine-like bending of the cysteine-rich domains is
also observed. The relative orientations of domain II to I and
domain IV to III appear stabilized in part by conserved tryptophan
residues that extend from domain II (Trp 183) and domain IV
(Trp 499) to contact conserved tryptophan residues in the hydro-
phobic cores of domain I (Trp 147) and domain III (Trp460),
respectively. Conformational change in ErbB receptors thus seems
to involve rigid-body movements of the domain I-1II pair relative to
the domain III-IV pair about a pivot between domains II and IIIL.
The differences in main-chain conformation that account for this
pivot occur within residues 316-323 of sHER2 (307-314 of sHER3),
with the largest rotation occurring about Val320 (Ala311 in
SHER3).

The domain II-IV contact that restricts the domain arrangement
in non-activated sHER1 and sHER3 is absent in sHER2 (Figs 1 and
2¢), and the orientation of domains I/II relative to domains III/IV in
sHER?2 appears to be determined chiefly by a large interface between
domains I and III. Failure to conserve two key residues in the
domain IV contact region (Gly563 and His565 of HER3 are
replaced with Pro and Phe, respectively, in HER2) may explain
the absence of the domain II-IV contact in HER2 (ref. 13). Several
features of the HER2 domain I-III interface, which is made up of a
core of hydrophobic residues surrounded by hydrophilic contacts,
suggest that it is stable; in addition to being preserved in two
different crystal lattices, it buries 1,167 A? of surface area and gives a
very high shape complementarity parameter (0.75; ref. 15). Ortho-
gonal views of this interface and an alignment of the sequences
composing it are available as Supplementary Information.

The proximity and relative orientation of domains I and III in
sHER2 are very similar to the domain arrangement observed in the
structures of sHER1 complexed with either TGF-a'' or EGF'"
(Fig. 3). Recent biochemical evidence implicates domain IV in
mediating inter-receptor dimers'®, but domain IV is either not
present'' or not visible' in the ligand-activated structures of

Herceptin Fab

human sHER2 (coloured as in a) and Herceptin Fab (cyan) complex. Figures 1 and 2c were
made using the program Ribbons?°.
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Figure 2 Superposition of different ErbB receptors. a, Superposition of domains | and Il of
SHER1 (ref. 12; blue), SHER2 (green) and SHER3 (ref. 13; red). Ball-and-stick models of
conserved tryptophan residues from each receptor are also shown and are indicated by an
asterisk. b, Superposition of domains Il and IV of SHER1, SHER2 and sSHER3 coloured as in a.
¢, Human sHER2 (green) and sHER3 (red) after superposition of domains Ill and IV.
Individual domains are numbered and the ‘snap-like’ contact between domains Il and IV of
SHER3 is indicated by an arrow. Figures 2a, b and 3 are made with the program
MOLSCRIPT®,

sHER1. Conservation of the relative orientation of domains III and
IV in ErbB receptors (Fig. 2b) allows positioning of domain IV in
the ligand-induced EGFR dimer by superposing domain III of the
sHER2 domain ITI-IV pair with domain IIT of the EGFR dimer. This
superposition indicates that the carboxy termini of domain IV are
brought into close proximity in this dimer (see Supplementary
Information), which is consistent with a model in which signalling
is initiated by juxtaposition of the receptor transmembrane regions,
presumably in a favoured orientation.

The exposed domain IT loop that mediates inter-receptor dimers
of sHERI is also exposed in sHER2 but does not mediate a similar
HER2 dimer in either crystal form, indicating a dimerization
constant greater than about 10 mM. The EGFR dimer is mediated
entirely by residues from domain II (refs 10, 11), and the only
residue at the dimer interface not conserved between EGFR and
HER2 is Arg285 of EGFR, which is Leu in HER2. Mutation of
Arg 285 to Ser reduces ligand-induced phosphorylation of EGFR',
suggesting that Leu at this position in HER2 is likely to be at least
partly responsible for the absence of sHER2 homodimers. Given
the symmetry of the inter-receptor dimer, mutations affecting
dimerization would be doubly harmful to homodimers relative to
heterodimers, which may explain the apparent ability of HER2 to
participate in heterodimeric complexes. It is also possible that
HER?2 interacts with other ErbB receptors either indirectly or through
different contact regions, but the highly conserved contact residues in
the domain IT loop make these alternatives seem less probable.

The constitutive open structure of HER2 helps to explain several
of its singular properties. The absence of a high-affinity ligand for
HER?2 can be explained by its fixed open structure, which does not
require ligand binding to release an autoinhibited conformation. By
adopting a fixed conformation, HER2 must be intrinsically capable
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Figure 3 Relationship of sHER2 to ligand-activated sHER1. Orthogonal views of SHER2
(green) and sHERT (blue) with EGF (red) bound'® after superposition of domain I,
Domain Il has been omitted from the figure on the left for clarity.

of interacting with any binding partners that become available,
explaining its readiness to serve as a co-receptor with each of the
other ErbB receptors in the absence of direct ligand binding.
Overexpression of HER2 in tissue culture cells leads to HER2
activation and a transformed phenotype, but overexpression of
HER1 or HER3 is not transforming unless ligand is added™’.
Maintenance of HERI and HER3 in the closed conformation in
the absence of ligand is clearly a barrier to autoactivation. Absence
of this autoinhibited conformation for HER2 eliminates this barrier,
which accounts in part for its transforming potential when
overexpressed.

The anti-HER2 monoclonal antibody Herceptin has an antipro-
liferative effect on cells transformed by overexpression of HER2, and
is an effective treatment for human breast cancer’. The mechanism
of Herceptin action is thought to involve many processes, including
antibody-mediated cytotoxicity and blocking receptor aggregation,
but stimulation of HER2 endocytosis and removal of HER2 from
the cell surface seems to be a principal element of its effective-
ness'”'®. Monovalent Herceptin Fab fragments do not possess the
antiproliferative properties of the whole Herceptin antibody,
suggesting that either receptor crosslinking is an important feature
of Herceptin activity or that divalence is needed to increase its
apparent affinity. Herceptin also inhibits activation of HER2
through cleavage of the juxtamembrane region of the extracellular
domain, a process that normally occurs at a low level but increases
when HER?2 is overexpressed'’.

Herceptin binds HER2 on the C-terminal portion of domain IV
at a site that encompasses the binding pocket for the extended
domain ITloop in inactive states of HER3 and HER1 (Figs 1b and 4).
This interaction buries 1,350 A% of surface area over a long groove
and possesses an unusually high shape complementarity (0.76;
ref. 15) for antigen—antibody interactions. The interaction is
mediated by three regions of HER2; loops formed by residues
557-561 and 570-573, and the base of a loop formed by residues
593-603. Interactions formed by the first and third loop are
primarily electrostatic, whereas the second loop makes mostly
hydrophobic contacts in a pocket formed by the CDR3 loops of
heavy and light chains of the antibody. Binding of Herceptin to
the juxtamembrane region may sufficiently crosslink the HER2
receptor to facilitate engagement of the endocytotic machinery
while avoiding undue kinase activation by providing a steric barrier
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Figure 4 The Herceptin-binding site. The backbone of SHER2 is shown in red with side
chains of residues contacting the Herceptin Fab added. The surface of the Herceptin Fab
fragment is shown in cyan. The N and C termini of the displayed region of HER2 are
indicated, as are the three loop regions of HER2 (residues 557-561 (loop 1), 570-573
(loop 2) and 593-603 (loop 3)) that contact the Herceptin Fab fragment. An eight-residue
loop not visible in the structure is indicated by red dots. This figure was made with

the program SPOCK.

to direct interaction of the transmembrane regions, which may be
required for optimal signalling®. Binding at this site will also
sterically block activation of HER2 by proteolytic cleavage of its
extracellular region, and may disrupt interactions between HER2
and other proteins.

The structures of sHER2 and the Herceptin Fab fragment provide
a basis for the design of new therapeutics to target HER2. Anti-
bodies raised specifically against the juxtamembrane region of ErbB
receptors may prove more likely to modulate ErbB receptor beha-
viour, and knowledge of the precise HER2-Herceptin contacts may
allow design or selection of Herceptin variants with higher affinity
and improved therapeutic properties. The Herceptin-binding site
encompasses a pocket-like structure homologous to the domain II
loop-binding pocket of other ErbB receptors, which may accom-
modate binding of small, perhaps peptide-based molecules with
reasonable affinity. Multivalent forms of such a compound may
provide a new weapon against HER2-overexpressing cancers.
Furthermore, if the exposed domain II loop of HER2 proves
important for mediating interactions of HER2 with itself or with
other ErbB receptors, agents targeting this loop, for example small
peptides or peptide analogues derived from this region, may inhibit
such interactions. O

Methods

Expression of rat sHER2

Residues —22-635 of rat HER2 followed by a 7-His tag were expressed in BW5147.G.1.4
cells using HI-GET technology®'. sHER2 was purified using Ni-NTA resin,
chromatographed on a gel-filtration column, deglycosylated with PNGase F,
re-chromatographed on a gel-filtration column, concentrated to 5 mgml ™", and dialysed
against 10 mM Tris, pH 7.5. Crystals of sHER2 were grown by the hanging-drop vapour
diffusion method using drops with equal parts protein solution and 15-30% PEG 4000,
50 mM sodium citrate, pH 5.4, and 10 mM EDTA. Crystals grew in space group P2,2,2
with cell dimensions a = 130.87, b = 116.40, ¢ = 55.37 A.

Expression of human sHER2

Residues 1-631 of human HER2 were expressed as a fusion protein with human growth
hormone in Lecl cells using the pSGHVO expression vector’>. Human sHER2 fusion
protein was purified using Ni-NTA resin, cleaved by TEV protease, and
re-chromatographed on a gel filtration column. Purified sHER2 was dialysed into 10 mM
sodium citrate, pH 5.5 and 50 mM NaCl, treated with endoglycosidase H,
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re-chromatographed on a gel filtration column, concentrated to 3.8 mgml ™', and dialysed
against 10 mM Tris, pH 7.5, and 50 mM NaCl.

The sHER2-Herceptin Fab complex

Herceptin (also known as trastuzumab) was purchased from Genentech. Ten milligrams of
Herceptin were cleaved with papain, and the Fab fragment was purified by anion exchange
chromatography using a Resource-Q column. Human sHER2 was mixed with an excess of
the Herceptin Fab, and the complex was purified by gel-filtration chromatography. This
complex was dialysed against 10 mM Tris, pH 7.5, and concentrated to 4 mg ml~". Crystals
were grown by the hanging-drop vapour diffusion method using equal parts protein
solution and 20-30% PEG 5000 MME, 0.1 M MES, pH 6.5, and 0.2 M ammonium
sulphate. Crystals grew in space group P2,2,2; with cell dimensions a = 66.17,
b=109.77, c = 175.14 A.

Structure determination and refinement

Diffraction data were collected at beamlines X4A and X25 at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory. The structures of rat sHER2 and
human sHER2 complexed with the Herceptin Fab fragment were determined by molecular
replacement using AMORE?, CNS* and MOLREP?* with individual domains of sHER3"
and the A5B7 Fab" as search models. Alternate sessions of model building using O* and
refinement using CNS resulted in placement of nearly all of the sHER2 and Herceptin
amino acids. Final rounds of refinement were carried out using TLS refinement as
implemented in REFMAC5? with anisotropic motion tensors refined for each of the four
sHER2 domains.

The final rat SHER2 structure consists of residues 1-101, 113-253 and 259-608, 85
water molecules, and 3 N-acetylglucosamine moieties. The final human HER2-Herceptin
Fab structure consists of residues 1-101, 111-302, 306—360, 365—-580 and 591-607 of
sHER2, antibody residues 1-211 and 1-223 for the light and heavy chains, respectively, 79
water molecules, one sulphate ion, and two N-acetylglucosamine moieties. All
stereochemical parameters analysed by the program PROCHECK? are within or exceed
normal ranges, and the percentage of residues in the most favoured regions of the
Ramachandran plot are 86.8% and 84.8% for rat sHER2 and human sHER?2 plus the
Herceptin Fab, respectively.
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RNase P is the only endonuclease responsible for processing the
5" end of transfer RNA by cleaving a precursor and leading to
tRNA maturation"’. It contains an RNA component and a protein
component and has been identified in all organisms. It was one of
the first catalytic RNAs identified®> and the first that acts as a
multiple-turnover enzyme in vivo. RNase P and the ribosome are
so far the only two ribozymes known to be conserved in all
kingdoms of life. The RNA component of bacterial RNase P can
catalyse pre-tRNA cleavage in the absence of the RNase P protein
in vitro and consists of two domains: a specificity domain and a
catalytic domain*®. Here we report a 3.15-A resolution crystal
structure of the 154-nucleotide specificity domain of Bacillus
subtilis RNase P. The structure reveals the architecture of this
domain, the interactions that maintain the overall fold of the
molecule, a large non-helical but well-structured module that is
conserved in all RNase P RNA, and the regions that are involved
in interactions with the substrate.

Bacterial RNase P can be subdivided into two major types (A and
B) on the basis of their sequence characteristics. The best-charac-
terized RNase P molecules come from two bacteria, Escherichia coli
and B. subtilis, which are paradigms for the A- and B-type mol-
ecules, respectively. The RNA component of bacterial RNase P
(P RNA) consists of 350-450 nucleotides, whereas the protein
component (P protein) is a small, basic protein of about 120
amino acids. In B. subtilis P RNA, the specificity domain (S domain)
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comprises nucleotides 86-239, and the catalytic domain (C
domain) comprises the rest of the molecule (Fig. 1a). The S domain
alone can bind pre-tRNA directly with micromolar affinity®.

The overall structure of the specificity domain is shown in Fig. 1b
together with a diagram illustrating the secondary structure of the
molecule (Fig. 1c). The S domain consists of several distinct
secondary structure modules, which were predicted from the P
RNA sequence and by phylogenetic comparison”®. Overall, the
structure agrees very well with secondary structure predictions®,
cross-linking data’® and Fe(11)-EDTA cleavage protection data'® (see
Supplementary Information). The most salient features of the
structure are (1) a junction formed by the stacked P7, P10 and
P11 and the stacked P8 and P9 helices; (2) the packing of the P10.1
and P12 helices through a GAAA tetraloop—tetraloop receptor
interaction; and (3) an unusually folded module linking P11 and
P12 (J11/12-J12/11) (orange in Fig. 1), which contains a large
number of universally conserved nucleotides, and is stabilized
without canonical Watson—Crick base pairing. Although the S
domain forms a well-packed and compact structure, it is important
to note that the P11 and P9 helices together with the J11/12-J12/11
module form a clamp-like opening that contains nucleotides
involved in pre-tRNA binding and is large enough to accommodate
the TYC stem-loop of a pre-tRNA molecule.

There are two molecules in the crystallographic asymmetric unit
(1 and 2) related by a rotation of about 90°. It is unlikely that the
crystallographic dimer observed is related to the dimer formed by
the P RNA in the presence of the P protein in solution', as
the intermolecular interactions observed in the crystal structure
would lead to higher-order aggregates. The two molecules in
the asymmetric unit are in slightly different conformations (see
Supplementary Information). Molecule 1 has a disordered P12 helix
and a partly disordered P10.1 helix (between bases A142 and G166).
The tetraloop—tetraloop receptor interaction observed in molecule
2 is precluded in molecule 1 by crystal packing. Comparison of the
two conformations suggests that the structure is built of relatively
rigid structural elements and stabilized by a variety of interactions,
such as stacking of helixes, stacking of bulged bases, and the
tetraloop—tetraloop receptor interaction. The central element of
the S domain is a rigid core (red in Fig. 1), which has a practically
identical conformation in both molecules in the asymmetric unit
(root-mean-square deviation (r.m.s.d.) = 0.63 A). The core is
formed by the continuous stacking of stems P10 and P11, together
with the basal portion of the P10.1 stem. The base of the P10.1 stem
includes a loop spanning U175 to A179 (see Fig. 2a). The phylo-
genetically conserved U175 and A179 form a reversed Watson—
Crick base pair that stabilizes the loop and serves as the starting base
pair for the P10.1 helix, helping to align the P10.1 stem with respect
to the core. Two conserved adenosines in the loop, A177 and A178,
enter the minor groove of the P7/P10 stack in a region including
conserved base pairs G90-C235 and G132-C234. This type of
interaction, between conserved adenosines in a loop and conserved
G—-C base pairs in a helix, has recently been termed an A-minor
motif'?. It includes contacts between the 2'-OH groups of the loop
nucleotides with the 2'-OH groups of the helical residues similar to
those in a ribose zipper'. The first four canonical Watson—Crick
pairs in the P10.1 stem complete this portion of the rigid core. The
second helix in the core is formed by the stacking of helices P10 and
P11. This helix also stacks on stem P7 to form a large, continuous
helix (Fig. 1). We do not include P7 in the rigid core because the P7/
P10 stack is rather flexible (the angle between P7 and P10 differs by
about 10° between molecules 1 and 2, as opposed to the P10/P11
stack in which the two molecules show identical conformations).
The P11 stem includes bulged conserved adenosines A229 and A230
that do not form part of the helix.

The P7/P10/P11 helix is part of a large junction that also includes
stacked helices P8 and P9. Figure 2b shows the topology of this
complex junction. The general stacking of the helices is in agree-
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